The efficient improvement of laser beam quality is demonstrated by coherent combining of two Nd: YVO 4 lasers in an improved Michelson cavity. When the two lasers are separately operated with beam qualities of M x 2 = 1.74 and M y 2 = 1.34 for laser 1 and M x 2 = 1.53 and M y 2 = 1.39 for laser 2, by coherent combining of the two lasers, a single beam output exceeding 2 W with a nearly perfect TEM 00 mode ͑M x 2 = 1.08, M y 2 = 1.04͒ is obtained. Moreover, it can withstand environmental perturbations with no change in beam quality or output power and has the potential for scaling to much higher output power with high beam quality by coherent addition of multiple lasers in this configuration.
The efficient improvement of laser beam quality is demonstrated by coherent combining of two Nd: YVO 4 lasers in an improved Michelson cavity. When the two lasers are separately operated with beam qualities of M x 2 = 1.74 and M y 2 = 1.34 for laser 1 and M x 2 = 1.53 and M y 2 = 1.39 for laser 2, by coherent combining of the two lasers, a single beam output exceeding 2 W with a nearly perfect TEM 00 mode ͑M x 2 = 1.08, M y 2 = 1.04͒ is obtained. Moreover, it can withstand environmental perturbations with no change in beam quality or output power and has the potential for scaling to much higher output power with high beam quality by coherent addition of multiple lasers in this configuration. © Improving the beam quality of high-output-power lasers is an important and interesting area of laser science because a high-power laser with high beam quality is required in many applications, such as basic scientific research and precise machining. Many techniques, such as improved cooling techniques 1 and active or passive compensating techniques, 2, 3 have been developed. However, further increase in output power and improvement of beam quality require coherent addition of the outputs from multiple lasers. Thus, in recent years, much attention has been paid to coherent combination or phase locking of lasers with various techniques, including evanescent coupling, 4 use of an intracavity spatial filter, 5 the Talbot effect,   6 active phase correction, 7 phase conjugation, 8 and use of a fiber coupler. 9, 10 Generally speaking, most of these techniques are difficult to implement. For example, the techniques employing the Talbot effect involve complicated and rapidly evolving beam profiles and wave fronts that increase the difficulty in mode control and alignment. The techniques of active phase correction require interferometric detection and phase modulation for each element, and they are complicated and unstable. The techniques of combining the output power of multiple fibers into a single fiber through fiber couplers do not remove the limitation on the ultimate power of a single fiber. When a spatial filter in a Fouriertransform cavity is used for phase locking, it is difficult to obtain a single beam output. Obtaining a single beam output is important for diminishing the sidelobes in the far-field radiation profile of multiple lasers and raising the combining efficiency of multiple lasers. Based on the Michelson cavity, a single beam output has been obtained by coherent combination of two Nd:YAG lasers. 11 In this technique the intracavity collinear output of multiple laser beams is vital for obtaining high beam quality. However, it is difficult to adjust for stable alignment of the laser beams in this cavity. To alleviate the difficulty, by use of a planar interferometric coupler, the coherent addition of two Nd:YAG lasers has also been demonstrated. 12, 13 While multiple separate active media, such as Nd:YAG and Nd: YVO 4 , are used, thick planar interferometric couplers with a highprecision plane are required in the cavity. It is difficult to fabricate this coupler; also, the intracavity loss will increase. Here a high-reflectivity (HR) mirror at an emission-laser wavelength and a beam splitter (BS), both with a broad incident angle range of 45°± 5°, are used to improve the conventional Michelson cavity. The broad incident angle ensures the spectrum characteristics of the HR mirror and BS when tilting at different angles. By adjustment of the HR mirror and BS, it is easier to realize the alignment in this configuration than in a conventional Michelson cavity. In addition, the HR mirror and BS are fixed in the cavity with a high geometric stability to ensure stable operation of the lasers. This interferometric configuration without additional losses is simple and easy to implement for the coherent combination of two or multiple separate laser media by a selfadjusting mechanism. It alleviates the complexity of alignment. A high-power single-beam output with high beam quality can be obtained, which can withstand environmental perturbations with no change in beam quality or output power.
There are three major reasons for choosing Nd: YVO 4 crystals over Nd:YAG. First, Nd: YVO 4 has a wider bandwidth of the absorption peak that significantly relaxes the requirement for precise tem- perature regulation for many diode lasers in combining multiple lasers, and the wider gain bandwidth makes it easier to realize the self-adjusting process in this improved Michelson cavity. Second, because of a larger absorption coefficient at the pump wavelength and a larger stimulated emission cross section at the lasing wavelength, a short crystal with low cost in a compact system can be used. Third, Nd: YVO 4 is naturally birefringent and its laser output is linearly polarized, unlike the unpolarized Nd:YAG laser output, so a polarization controller is not required for coherent addition, and it avoids undesirable thermally induced birefringence.
A schematic of the experimental setup is shown in Fig. 1(a) . The resonator consists of two flat input mirrors (M1, M2) with HR at 1064 nm and high transmission at 808 nm, a flat output mirror (Mo) with 24% transmission at 1064 nm, a HR mirror ͑M HR ͒ at 1064 nm with a broad incident angle range ͑45°±5°͒, and a BS with a broad incident angle range ͑45°±5°͒. The front surface of the BS is coated with an antireflection layer and the rear surface with a 50% BS layer at s polarization. Two individual Nd: YVO 4 3 mmϫ 3 mmϫ 15 mm crystals with 0.3-at. % doping concentration at s polarization are end pumped by two fiber-coupled cw diode lasers. The beam of the first channel is fully reflected from M HR to the BS, whereas the beam of the second channel is transmitted through the antireflection-coated layer and the 50% BS layer of the BS. Then the transmitted beam is collinear with the beam reflected by the BS from the first channel. Finally, the collinear beam is output through the output coupler (Mo).
The coherent combining principle of our laser configuration can be simply explained. If the two laser beams from the two channels are of random relative phase or different frequencies, they are independent; then each beam will suffer a 50% loss passing through the BS, so, typically, no lasing will occur. On the other hand, if in the two channels the longitudinal modes are common, the phases are locked, and the spatial modes are matched, the two beams will add coherently; then the 50% loss introduced by the BS may be completely suppressed. Specifically, to the left of the BS, constructive interference occurs with few, if any, losses, whereas destructive interference occurs in the lower path from the BS as indicated by the dashed arrow in Fig. 1(a) . Indeed, the combined laser in the resonators will tend to operate so that the losses are minimal; thus the individual beams with the common frequencies will be self-phaselocking such that constructive interference takes place at the common output end. Thus this kind of phase locking and coherent combination can contribute to a self-adjusting process from the intracavity loss mechanism (this detailed theoretical analysis has been developed for the scheme by Rubinov 14 ). One or more mutual longitudinal modes from the two resonator channels can be obtained by adjusting the optical path difference of the two channels. In our experiment the lengths of the two channels are 445 and 430 mm. This length difference of 15 mm would leave approximately 20 common longitudinal mode bands in both channels to be within the gain bandwidth of Nd: YVO 4 . Thus the combined laser can be operated stably. 11 We use a powermeter and a laser beam analyzer (Spiricon M 2 -200) to measure the output power and beam quality and detect the field distributions for the combined laser and two individual channel lasers. The two individual channel lasers are characterized for reference with the experimental setup shown in Fig. 1(b) . The evolution of output powers in both cases of the independent and combined lasers is shown in Fig. 2 . The coherent combining results in a slight increase at threshold 2 ϫ 3.08 W (the threshold of two individual lasers, 2.99 and 3.01 W). When the output power is 0.43 W for the first channel laser with a beam quality of M x 2 = 1.62 and M y 2 = 1.37 and 0.46 W for the second channel laser with M x 2 = 1.36 and M y 2 = 1.28, the combined output power of 0.83 W with a beam quality of M x 2 = 1.06 and M y 2 = 1.03 is measured, which corresponds to an additional efficiency of more than 90%. When the output power is 1.17 W for the first channel laser and 1.2 W for the Fig. 2 . Dependence of the output powers on the pump power launched on each diode laser. The filled circles and the filled squares show the output powers of the independent channel laser 1 and 2, respectively and the filled triangles show the output power of the combined laser with the pump power at the top. second channel laser at the maximum pump power, a combined output power of 2.2 W is obtained. It can be found that the coherent combining efficiency does not almost decrease with the pump power. At the maximum output power, the beam quality is measured for the first channel laser as M x 2 = 1.74 and M y 2 = 1.34, for the second channel laser as M x 2 = 1.53 and M y 2 = 1.39, and for the combined laser as M x 2 = 1.08 and M y 2 = 1.04. It can be seen that the beam quality does not almost decrease with the increase in output power, which corresponds to a nearly perfect TEM 00 mode. Figure 3 shows the detected near-field and farfield intensity distribution at the maximum output power: Figs. 3(a) and 3(b) are the first channel laser and the second channel laser, respectively, during independent operation, and Fig. 3(c) is the combined laser. The surprising result can be explained as follows. We assume that both the TEM 00 mode and the highorder modes can oscillate in the two channels during independent operation. When the laser beams from two channels are combined, owing to the difference in cavity length and larger divergence angle of these high-order modes, on the BS they cannot overlap with the corresponding counterparts in the other channel, or they do not have corresponding counterparts. Thus these high-order modes can be completely suppressed, and the self-imprinting of the TEM 00 mode will occur in each channel, so that the perfect TEM 00 mode can be obtained. Moreover, the environmental perturbations will not affect the output power and beam quality because of the selfadjusting process, which was verified by changing the cooling-water temperature of the Nd: YVO 4 .
We found that tilting the BS at a very small angle ͑ϳ0.8 mrad͒ will affect the beam profile, shown in Fig. 3(d) , and the beam quality (measured as M x 2 = 1.39 and M y 2 = 1.09). Thus alignment is important for obtaining good beam quality. When the value of the angular positioning of the BS and external mirror exceed ϳ0.4 mrad, the power and beam quality begin to decrease, and the longitudinal positioning is highly tolerable as long as the optical path difference of the two channels is larger than 1.5 mm. However, using a conventional Michelson cavity with only a BS makes it difficult to attain accurate positioning because several optical components with multiple degrees of freedom need to be adjusted at the same time; it is especially difficult for multiple channels. When an improved cavity in our experiment is designed, only tilting M HR and the BS along two directions, alignment is easier. Thus the configuration that is fixed with a high geometric stability is simple and can be implemented in practice. Furthermore, compared with Nd:YAG, scaling to multiple channels is easier with Nd: YVO 4 (Fig. 4) , because careful control of the cavity length is not required owing to the wider gain bandwidth of Nd: YVO 4 . Moreover, with the improved cavity, alignment difficulty is alleviated.
In conclusion, a nearly perfect TEM 00 mode laser exceeding 2 W has been achieved by coherent combining of two Nd: YVO 4 lasers in an improved Michelson cavity, which has the potential for scaling to much higher output power with high brightness. This configuration is simple and easy to implement, and a single beam without any output power instabilities can be obtained that diminishes the sidelobes in the far-field radiation profile of multiple lasers and raises the efficiency of the coherent combining of the multiple lasers. Moreover, the beam quality and coherent combining efficiency almost remain unchanged with the pump power. The use of an improved Michelson cavity provides a new approach for the efficient improvement of beam quality and coherent addition of multiple lasers.
